Introduction
Benzoic acid esters are widely used hydroxyl protecting groups for polyhydroxylated substrates such as nucleosides, sugars, and inositols owing to their ease of introduction and removal, and their stability to a wide range of reaction conditions. 1, 2 In the context of carbohydrate chemistry, benzoates can be used to alter stereoselectivity of glycosylations by providing anchimeric assistance, 3 and to attenuate reactivity according to the armed/disarmed principle. 4 The selective benzoylation of a polyol 5 can be achieved by careful control of reaction conditions 6 and through use of a range of selective benzoylating reagents including benzoyl cyanide, 7, 8 N-benzoyltetrazole, [9] [10] [11] N-benzoylimidazole, 9,10,12 Mitsunobu conditions, 13 benzoyl chloride/collidine, 14 and BzCl in combination with organotin reagents. 15 However, depending on the substrate or reagent, various problems emerge including poor solubility for many polyol substrates at the low temperatures sometimes required, high toxicity, poor reactivity, and/or poor regioselectivity. Among the most reliable and widely-used selective benzoylating reagent is the hydroxybenzotriazole (HOBt; 1) derived benzoyloxybenzotriazole (BBTZ, 2), first introduced for this purpose by Kim and co-workers ( Fig. 1) . 16 BBTZ reacts under mild conditions with outstanding regio-and chemoselectivity that surpasses that of most other benzoylating reagents. 17 The intrinsically high regioselectivity of benzoylation with BBTZ has been harnessed in the use of BzOH with the HOBt-derived ammonium salt TBTU (3), 18 which ostensibly proceeds through a BBTZ intermediate.
In recent years, the safety of HOBt has been called into question. HOBt and its monohydrate are classified as Class 1 explosives, with significant limitations on their transport and storage. 19 Safety concerns extend to HOBt-derivatives such as TBTU (3), 19 HDMA (4) 20 and HDMB (5) (Fig. 1) . 20 Against this backdrop, various oxime-based alternatives have emerged as viable alternatives to HOBt as nucleophilic catalysts in peptide couplings. In particular ethyl 2-hydroximino-2-cyanoacetate (Oxyma, OxymaPure, 6) has been identified as a viable alternative to HOBt, 21 and has been elaborated to the uronium-type coupling reagent COMU (7), 20, 22 which is effective for both peptide couplings 20 and esterifications. 18, 23 Both Oxyma and COMU show a better safety profile than HOBt and HOBt-based reagents, including a lower heatflow associated with smaller increases in temperature and lower released pressures, equating to a lower risk of runaway thermal explosions. 20, 21 In this work we report the synthesis of a range of benzoylated oximes and investigation of their ability to act as selective benzoylating reagents. Benzoyl-Oxyma is identified as a readily synthesized, highly crystalline and storable alternative for BBTZ in the regio-and chemoselective acylation of carbohydrate alcohols.
Results and discussion
Design and synthesis of oxime-based benzoylating reagents
Initially we sought to explore a range of benzoylated oximebased reagents varying in the nature of the electron-withdrawing groups adjacent to the oxime. It has been found that Oxyma (6) can undergo side-reactions at the ethoxylcarbonyl group. 21, 24 Therefore we also studied the tert-butyl ester 8
(derived from tert-butyl cyanoacetate) 25 and the bis-nitrile 9
(derived from malonitrile) 26 (Table 1) . In order to complete the series we included the bis-ethoxycarbonyl derivative 10 (derived from diethyl malonate). 27 Several analogues of COMU have been reported to provide improved peptide couplings, most notably based on oximes 11 (derived from Meldrum's acid) 28 and 12 (derived from dimethylbarbituric acid), 29 which were also included in our studies. Oximes 6, 10-12 or the corresponding silver salts of 8 and 9, were converted to benzoylated derivatives 16 Following aqueous workup, the reagent may, with some difficulty, be crystallized from EtOAc/petrol, with the crystallization likely complicated by the known interconversion of O-and N-acyl isomers. 31 In the case of the esters 13 and 14 derived from unsymmetrical oximes, the stereochemistry about the oxime double bond was defined as Z by single crystal X-ray diffraction analysis (Fig. 2) . While simple oximes possess pK a values of 8. 3-11.8, 33 Oxyma (6) is characterized by the presence of strongly electronwithdrawing cyano and ethoxycarbonyl groups. The pK a value of Oxyma is reported to be 4.6, 34 matching that reported for HOBt (1) . 35 In order to understand the leaving group ability of various oximes we initially sought to extract pK a data from the literature; however, owing to the range of different solvents used for these studies we were unable to directly compare the various oximes. Consequently, we measured the pK a values for the series of compounds by spectrophotometric titration of the oximes in a solution in 95% MeCN in water. 32 As revealed in Table 1 , the pK a values for the series of oximes fell within the 
Investigation of the benzoylation of a simple primary alcohol
The effectiveness of the benzoylated oximes as benzoylating agents was investigated by studying their reaction with a simple alcohol, 4-phenylbenzyl alcohol 19 ( Table 2 ). This substrate was chosen as it is crystalline, easily dried and readily detected owing to the presence of a chromaphore. Treatment of 19 with 1.1 equiv. of BBTZ (2) and Et 3 N at 0°C and warming to room temperature overnight afforded the benzoate 20 in quantitative yield (entry 1), highlighting the impressive benzoylating ability of this reagent. Treatment with 1.1 equiv. of the nitrile-containing reagents 13-15 gave yields of 95-98% (entries 2-4). Significantly, we found that for optimal yields using benzoyl-Oxyma 13, use of dry Et 3 N was critical, as using undried Et 3 N only afforded an 80% yield. This sensitivity to trace moisture appears to be unique to the Oxyma-derived reagent as close to quantitative yields were obtained with the t-butyl ester 14, dicyanooxime 15 and BBTZ using undried Et 3 N, results that suggest that the carbonyl group of the Oxyma-derived 13 may be a site of unwanted reactivity. On the other hand the malonate-derived reagents 10-12 gave much poorer yields. The diethyl malonate derivative 10 provided just 50% after 5 d, with tlc evidence of both unreacted 10 and 19 (entry 5); the Meldrum's acid derivative 11 delivering only 2% (entry 6), accompanied by degradation of the reagent to materials that could not be identified; and the barbiturate 12 providing only a 15% yield (entry 7). In the last case, the major by-product was tentatively assigned as the addition product 21.
Overall, these results reveal that despite similarity in the pK a value of the conjugate acid of the leaving group, significant differences in reactivity occur across the series.
Securing exclusive nucleophilic attack at the carbonyl of the oxime-ester for these reagents, which contain multiple electrophilic sites at the oxime imino group and the adjacent nitrile/ ester positions, is critical for high-yielding benzoylation. The isolation of the adduct 21 provides an indication of one of the alternative modes of reactivity. Despite considerable effort, we were unable to convincingly identify any by-products derived from reaction at the ethoxycarbonyl group of 13. El-Fahem, Albericio and coworkers demonstrated that Oxyma undergoes reaction at the imino and ethoxycarbonyl groups when used as an additive in peptide coupling. 21 In the case of the Meldrum's acid derived 17, tlc analysis revealed rapid consumption of the reagent yet little product formation, and it appears likely that nucleophilic attack at the dioxanedione carbonyl groups results in fragmentation of the reagent. The poor reactivity of 16 is at odds with the pK a value of the conjugate acid of the leaving group; however, we highlight that this reagent is the only non-crystalline compound of the series and we speculate that the two ethoxycarbonyl groups α to the oxime cause steric distortion of the system, affecting its conjugation and attenuating its reactivity.
Selective benzoylation of carbohydrate alcohols
Having identified the nitrile-containing oximes 13-15 as the most effective benzoylating reagents for a simple alcohol, we next turned our attention to the selective acylation of carbohydrate diols. Typically, good acylation selectivity is observed for diols when one hydroxyl group has a cis-disposed vicinal oxygen, which is believed to result from the presence of an intramolecular hydrogen bond that enhances the reactivity of the hydroxyl group. Using the optimum protocol identified from Table 2 , the benzoylation of galactoside 22 was studied (Table 3) . Consistent with literature yields 36 treatment of galactoside 22 with BBTZ provided a quantitative yield of the 3-benzoate 23 (entry 1). Among the three nitrile-based reagents, the best yield of 23 was obtained for the Oxyma-derived reagent 13 (90%, entry 2), which could be improved to a quantitative yield by using 1.4 equivalents of the reagent. We next explored acylation of the glucoside 24. BBTZ afforded 25 in an 87% yield (entry 5). The three nitrile-containing oximes 13-15 gave marginally lower yields, with the best result obtained for the Oxyma-derived reagent (83%, entry 6). Increasing the amount of the Oxymaderived reagent to 1.4 equivalents provided 25 in an 89% yield, commensurate with that obtained using 1.1 equivalents of BBTZ. We therefore conclude that the nitrile-based reagents are effective for selective acylation of diols, with the Oxyma-derived reagent 13 the most promising. Although these reagents are slightly less effective than BBTZ, use of 1.4 equiv. of 13 provides similar yields to that obtained using 1.1 equiv. BBTZ. In view of the importance of selective hydroxyl functionalization in carbohydrate chemistry, we explored several additional examples using benzoyl-Oxyma (13) ( Table 4) . Selectivity for a primary versus a secondary alcohol was demonstrated through the benzoylation of the 4,6-diol 26 to afford the 6-benzoate 27 in 86% yield (entry 1), the 2,6-diol 28 to afford the 6-benzoate 29 in 50% yield (entry 2), and the 2,4,6-triol 30 to afford the 6-benzoate 31 in 93% yield (entry 3), in each case using 1.4 equiv. of 13. Two additional transformations are noteworthy. Treatment of 2,4,6-triol 30 with 2.8 equivalents of 13 afforded 2,6-dibenzoate 31 in 41%, with the greater reactivity of the 2-position relative to the 4-position a result of the cis-relationship with the anomeric oxygen. Finally, treatment of tetraol 33 with 2.2 equiv. of 13 directly provided the 3,6-dibenzoate 34 in 55% yield.
Conclusions
The classification of HOBt and related reagents as Class I explosives has provided an impetus for the development of new reagents that allow similar transformations with a lower risk of explosion. Oxime-based reagents, particularly those based on Oxyma, have emerged as effective alternatives for HOBt and have formed the basis of the development of COMU as a replacement for HBTU and HDMB. In this work we have explored a range of oxime-based alternatives to the selective acylating reagent BBTZ, leading to the identification of the nitrile-based benzoates 13-15 as the most promising representatives. In particular, benzoyl-Oxyma (13) can be considered a viable alternative to BBTZ, featuring a facile preparation, yields that approach those of BBTZ in various model reactions and a broad utility in the selective benzoylation of various carbohydrates.
Experimental

General
Proton nuclear magnetic resonance spectra ( 1 H NMR) and proton decoupled carbon nuclear magnetic resonance spectra 
t-Butyl 2-benzoyloximino-2-cyanoacetate (14)
A solution of sodium nitrite (2.93 g, 42.5 mmol) in water (13 mL) was added to a solution of t-butyl cyanoacetate (2.00 g, 14.1 mmol) in acetic acid (6 mL) and water (6 mL) at 0°C. Characterization data for adduct of benzoate ester of isonitroso dimethylbarbituric acid and 4-phenylbenzyl alcohol, compound (21) 128.5, 128.8, 128.9, 129.0, 129.4, 129.2, 129.4, 132.8,  134.1, 140.4, 142.2, 155.9, 162.3, 164.8, 166.3 
A mixture of benzoyl-Oxyma 13 (0.036 g, 0.146 mmol), 3, 
X-ray crystallography
Crystals of 13 and 14 were mounted in low temperature oil then flash cooled using an Oxford low temperature device. Intensity data were collected at 130 K on an Oxford SuperNova X-ray diffractometer with CCD detector using Cu-Kα (α = 1.54184 Å) radiation. Data were reduced and corrected for absorption. The structures were solved by direct methods and difference Fourier synthesis using the SHELX suite of programs 45 as implemented within the WINGX software. 46 Thermal ellipsoid plots were generated using the program ORTEP-3. Crystal data for 13: CCDC deposition: 1406157.
Spectrophotometric titrations
Dissociation constants ( pK a values) of the oximes or HOBt were measured spectrophotometrically using a Cary-50 Bio UV/ Vis spectrophotometer in 95% (v/v) MeCN-water at wavelengths of 220-315 nm. Buffer solutions across the pH range of 2-10 were prepared by adding 0.2 M NaOH to a mixture of 0.04 M phosphoric acid, acetic acid, and boric acid. HOBt or oximes at 0.1 mM concentration were prepared in the buffer solutions and the absorbance measured. Each cuvette contained 50 µl of 1 mM stock solution of oxime or HOBt in MeCN, 100 µl of 40 mM buffer, and 1.85 mL of MeCN were used to obtain a final concentration of 0.025 mM of the reagent. Absorbances were measured at the wavelength where the difference between the absorbance of the oxime or HOBt, and its conjugate base was maximized. Titration curves are provided in the ESI. †
